We study the superconducting-gap anisotropy of the Γ-centered hole Fermi surface in optimally doped FeTe0.6Se0.4 (Tc = 14.5 K), using laser-excited angle-resolved photoemission spectroscopy (ARPES). We observe sharp superconducting (SC) coherence peaks at T = 2.5 K. In contrast to earlier ARPES studies but consistent with thermodynamic results, the momentum dependence shows a cos(4ϕ) modulation of the SC-gap anisotropy. The observed SC-gap anisotropy strongly indicates that the pairing interaction is not a conventional phonon-mediated isotropic one. Instead, the results suggest the importance of second-nearest-neighbor electronic interactions between the iron sites in the framework of s±-wave superconductivity.
We study the superconducting-gap anisotropy of the Γ-centered hole Fermi surface in optimally doped FeTe0.6Se0.4 (Tc = 14.5 K), using laser-excited angle-resolved photoemission spectroscopy (ARPES). We observe sharp superconducting (SC) coherence peaks at T = 2.5 K. In contrast to earlier ARPES studies but consistent with thermodynamic results, the momentum dependence shows a cos(4ϕ) modulation of the SC-gap anisotropy. The observed SC-gap anisotropy strongly indicates that the pairing interaction is not a conventional phonon-mediated isotropic one. Instead, the results suggest the importance of second-nearest-neighbor electronic interactions between the iron sites in the framework of s±-wave superconductivity. In contrast to the single band or orbital (3d x 2 −y 2 ) character of electronic states in the high-temperature cuprates, the complex properties of the Fe-based superconductors (FeSCs) [1] originate in its multiorbital or multiband electronic structure. The multiband nature of the FeSCs manifests typically in the form of hole Fermi surfaces (FSs) around the Brillouin-zone center (Γ point) and electron FSs around the zone corner (M point in the primitive tetragonal unit cell) [2, 3] . Theoretical studies have shown that the multiple FS sheets can give swave superconductivity with a sign reversal between the hole and electron FS sheets (an s ± -wave state), arising from Cooper pair formation mediated by spin fluctuations [4, 5] . On the other hand, the multiorbital nature can also induce orbital fluctuations possibly enhanced by electron-phonon interactions, and it was proposed that orbital fluctuations can give rise to s-wave superconductivity with no-sign-reversal(an s ++ -wave state) [6] .
It is difficult to distinguish between s ± -wave and s ++ -wave states because it requires a determination of the phase of the order parameter. The observation of halfinteger quantum flux jumps in a Nb-NdFeAsO 0.88 F 0.12 loop has been interpreted as a π phase shift of the Josephson current and this should occur only when the sign reversal exists as in the s ± -wave state [7] . Other evidence for s ± wave has been found in the Fe(Te,Se) (abbreviated as 11) system : it was shown that the magneticfield dependence of the quasiparticle interference pattern observed by scanning tunneling spectroscopy is consistent with a sign-reversal s ± -wave state [8] . However, the robustness of T c against impurity doping is difficult to explain in terms of an s ± -wave state [9, 10] , and thus, it supports a no-sign-reversal s ++ -wave state indicating importance of orbital fluctuations [6] . Observation of an orbital nematic state in the underdoped compounds of FeSCs [11] may also indicate the importance of orbital fluctuations in the FeSCs. Hence, further verifications is needed regarding the importance of spin and orbital fluctuations in each system of FeSCs.
The SC-gap structure of the 11 system has been studied by magnetic penetration depth [12] [13] [14] , thermal conductivity [15] , nuclear magnetic resonance [16] , and field angle resolved specific heat (ARSH) [17] measurements. All these measurements indicate a spin singlet superconductivity with anisotropic gaps but no nodes for this system. In this Letter, we report detailed SC-gap measurements of the optimally doped "11" system, FeTe 0.6 Se 0.4 (T c ∼ 14.5 K), using laser-excited angle-resolved photoemission spectroscopy [laser angle-resolved photoemission spectroscopy (ARPES)]. Among the various FeSCs, the 11 system has the simplest crystal structure consisting of stacked layers of Fe(Te,Se) 4 tetrahedra only. From this simplicity of the crystal structure, the cleaved surfaces are not polar surfaces as in the "1111" and "122" systems but are charge-neutral surfaces. Based on this aspect and combined with the bulk sensitivity of laser ARPES [18] , it is expected that we unveil the intrinsic symmetry of the superconducting order parameter. Our results do reveal a SC-gap structure with a clear cos(4ϕ) modulation. While some SC-gap anisotropies have been re-ported by the ARPES measurements of "122" and "111" systems [20, 21] , the previous ARPES studies of the 11 system indicated an isotropic SC gap [22, 23] . Our results seem to be in strong contradiction to these results. However, our results are quite consistent with the ARSH study in a rotating magnetic field that concluded a significant gap anisotropy with gap minima along the Γ-M direction, i.e. along the nearest neighbor Fe-Fe bond direction [17] . We discuss the origin of the cos(4ϕ) modulation from the aspects of the spin and orbital fluctuations, and the importance of second-nearest-neighbor electronic interactions between the iron sites is suggested in the framework of s ± -wave superconductivity.
Single crystals of FeTe 0.6 Se 0.4 were prepared by a meltgrowth technique. Chemical composition of the grown crystals was determined by electron probe microanalysis and inductively coupled plasma atomic emission spectrometry. The samples showed sharp superconducting transitions at T c = 14.5 K, confirming the optimal doping. Details have been described in Ref. 8 . ARPES data were collected using a laser-ARPES apparatus developed at ISSP with the VG-Scienta HR8000 electron analyzer and the 6.994 eV quasi-CW laser (repetition rate = 120 MHz) [24] . The overall energy resolution was set to ∼ 1.2 meV and the angular resolution was 0.1 deg. The Fermi edge of an evaporated gold film was measured to calibrate E F energy positions. Band-structure calculations were carried out using the Wien2k code for the parent FeTe. The lattice parameters were taken from those obtained by powder neutron diffraction measurements [25] , as in a previous report [26] . We confirmed that the obtained band dispersions were in accord with the earlier study [26] . Figure 1(c) shows the FS map image obtained by summing up the spectra measured with right-and left-circularly polarized light in order to decrease matrix element effects and symmetrized by taking into account the tetragonal crystal symmetry. We confirmed that the band dispersions determined from the peak positions of the second derivative of energy distribution curve (EDC) spectra are basically consistent with reported band dispersions [22, 27, 28] . In particular, we confirmed that the laser ARPES results probe the k z ∼ 0 plane and shows that instead of the three hole FSs expected from the band-structure calculations [26, 29] , the experimental data shows that only one hole band crosses the E F . We determined the k F positions for several cuts from the peak positions of the momentum distribution curves. The results are indicated by the symbols in Fig.  1(c) . The solid line in Fig. 1(c) indicates the FS shape deduced from fitting the k F positions to a model function with fourfold symmetry. The fit shows that the FS is anisotropic and the FS area is reduced in comparison with that of the calculated one for the parent FeTe [Fig. 
1(d)]
. This may indicate that the Se substitution effectively leads to a reduction in the hole FS area or may be originated from correlation effects [30] .
Figure 2(a) shows the EDCs at k F measured below T c (2.5 K) and above T c (25 K). To cancel out the effect of the Fermi-Dirac cutoff, the EDCs were symmetrized with respect to E F , and the results are shown in Fig. 2(b) . Each EDC is identified with a FS angle ϕ indicated in Fig. 2(b) . Sharp superconducting coherence peaks can be recognized very clearly in the spectra below T c . The vertical dashed line indicates the peak position of the EDC at ϕ = 44.5
• . The EDCs at ϕ = 0.3 • and 89.5
• , for example, have larger peak energies indicating a finite SCgap anisotropy. In order to quantify the SC-gap sizes, we fitted the spectra to the BCS spectral function [31, 32] and the results are shown as the solid lines in Fig. 2 . 
FIG. 2: (a) EDCs and (b) symmetrized EDCs with respect
to EF at kF measured below Tc (2.5 K) and above Tc (25 K). To cancel out the effect of the Fermi-Dirac cutoff, these EDCs are symmetrized with respect to EF , and the results are shown in Fig. 2(b) . Color of each EDC and symmetrized EDC corresponds to that of the kF positions in Fig. 1(c) .
The FS angle of each EDC is indicated in Fig. 2(b) . The solid lines are the fitting functions using the BCS spectral function.
The observed superconducting coherence peaks are well reproduced by the fitting function, and thus the SC-gap sizes can be evaluated quantitatively. In Fig. 3 , the SC-gap sizes obtained from the fitting are plotted in a polar graph as solid circles. The error bars of the estimated SC-gap sizes are ± 0.2 meV as indicated by The solid line indicates the fitting result and well reproduces the observed SC-gap anisotropy. The obtained fitting values are the average SC-gap size ∆ 0 = 1.63 meV and 25 % cos(4ϕ) modulation. This corresponds to the maximum (∆ max ) and minimum (∆ min ) SC-gap sizes of 2.04 and 1.22 meV, respectively, and the 2∆ max /k B T c and 2∆ min /k B T c of 3.27 and 1.95, respectively. We conclude that a large anisotropy exists in the SC gap of FeTe 0.6 Se 0.4 in the form of a cos(4ϕ) modulation, in strong contradiction to previous studies [22, 23] . This most probably originates in the bulk sensitivity and energy resolution of the present laser-ARPES measurements compared to the earlier more surface sensitive measurements. However, it is noted that the difference between the present and previous studies could also arise from the existence of excess iron i.e. nonstoichiometry, which is known to play a notorious role in the "11" system [25] . For our samples, we accordingly confirmed that excess iron could not be detected within the error bars of electron probe microanalysis and inductively coupled plasma atomic emission spectroscopy and that the number of bright spots in the STM topographic image, which is assigned to excess iron atoms, was only 0.1 % of the total number of iron atoms [8] . More importantly, since the observed gap anisotropy is consistent with the results of ARSH measurements, we believe our study does indeed reveal the intrinsic symmetry of the SC gap. However, it is noted that our results indicate a lower bound of the SC-gap modulation and it could be as large as 50 % based on the ARSH results. This may be due to effects of disorder that tend to homogenize the gap, but which are inevitable for substituted systems. Further, it is known that even without excess Fe atoms, the 11 systems show higher residual resistivity (> 100 µΩcm) compared to the Ba122(As/P), LaFePO, LiFeAs and KFe 2 As 2 systems [13] . While our samples have a very small amount of excess Fe atoms, they show optimal T c and in combination with the higher bulk sensitivity of laser ARPES [18] , it allowed us to investigate the anisotropy of the gap. It is also noted that the ARSH study attributed the anisotropy primarily to the zone corner (M point)-centered electron FS, and only secondarily to the Γ-centered hole FS [17] . We would like to note also that the average SC-gap size ∆ 0 = 1.63 meV is quite consistent that a clear peak was observed at ∼ ± 1.7 meV in the tunneling spectra [8] . Also, it is interesting that the SC-gap size is larger at the FS angle where the spectral intensity at E F is more intense (Fig. 1(c) [33] observed by laser ARPES [24] . They used a simple model with an angle-dependent interband and intraband electronic interactions. Their model can also reproduce the spin-fluctuation mediated s ± superconductivity when both hole and electron FS sheets are present [34] . According to their model, the SC-gap anisotropy can originate from the elongation of the FS shape and anisotropic electronic interactions. In contrast, if the electronic interactions are fully isotropic, the SC-gap anisotropy should be anticorrelated with the elongation of the corresponding FS [33] . However, the directions of the observed SC-gap maxima coincide with the FS elongation, i.e., along the Γ-X directions, the FS is elongated, the SC gaps show maxima. This requires anisotropic interactions and indicates that the (cos k x + cos k y )-type interaction is important in the 11 system. Because the nearest-neighbor irons are located at (±a/2,±a/2) and the second-nearest-neighbor irons are located at (±a,0) and (0,±a), the interactions between the nearest-neighbor and second-nearest-neighbor irons can be described as e i(kx+ky )a/2 + e i(kx−ky)a/2 + e i(−kx+ky)a/2 + e i(−kx−ky)a/2 = 4 cos(k x a/2) cos(k y a/2) and e ikxa + e −ikxa + e ikya + e −ikya = 2[cos(k x a) + cos(k y a)], respectively. Thus, the (cos k x + cos k y )-type interaction originates from next-nearest-neighbor iron sites, and may be related to the fact that the parent compound of the 11 system has a double-stripe antiferromagnetic structure different from other FeSCs with single-stripe antiferromagnetic structures [25] . On the other hand, the SC-gap anisotropy can be expected also from the orbital fluctuation theory [6] . It is determined by the "interorbital nesting" between the x 2 − y 2 and xz of yz orbitals [35] . Because the contribution of the x 2 − y 2 orbital is dominant to the hole FS sheet whose SC gaps were measured, depending on the contribution of xz or yz orbitals to the electron FS sheets, the observed SC-gap anisotropy can be reproduced by the "interorbital nesting". Anyway, our observation from the bulk sensitive and high-resolution measurements revealed a detailed and intrinsic nature of the SC-gap anisotropy and would impose strong restrictions on the theories.
In summary, we have observed SC gap anisotropy in the Γ centered hole FS of FeTe 0.6 Se 0.4 by laser ARPES. A cos(4ϕ) modulation was observed in the SCgap anisotropy very clearly and the SC-gap maxima coincides with the FS elongation along Γ-X. The observed momentum dependence is in contrast to earlier ARPES studies but consistent with thermodynamic results. The observed SC-gap anisotropy strongly indicates that the pairing interaction is not a conventional phononmediated isotropic one. Instead, the results suggest the importance of second-nearest-neighbor electronic interactions between the iron sites in the framework of s ± -wave superconductivity.
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